Various artificial membranes have been used as scaffolds for retinal pigment epithelium cells (RPE) for monolayer reconstruction, however, long-term cell viability and functionality are still largely unknown. This study aimed to construct an ultrathin porous nanofibrous film to mimic Bruch's membrane, and in particular to investigate human RPE cell responses to the resultant substrates. An ultrathin porous nanofibrous membrane was fabricated by using regenerated wild Antheraea pernyi silk fibroin (RWSF), polycaprolactone (PCL) and gelatin (Gt) and displayed a thickness of 3e5 mm, with a high porosity and an average fiber diameter of 166 ± 85 nm. Human RPE cells seeded on the RWSF/PCL/Gt membranes showed a higher cell growth rate (p < 0.05), and a typical expression pattern of RPE signature genes, with reduced expression of inflammatory mediators. With long-term cultivation on the substrates, RPE cells exhibited characteristic polygonal morphology and development of apical microvilli. Immunocytochemisty demonstrated RPE-specific expression profiles in cells after 12-weeks of co-culture on RWSF/PCL/Gt membranes. Interestingly, the cells on the RWSF/PCL/Gt membranes functionally secreted polarized PEDF and phagocytosed labeled porcine POS. Furthermore, RWSF/PCL/Gt membranes transplanted subsclerally exhibited excellent biocompatibility without any evidence of inflammation or rejection. In conclusion, we established a novel RWSF-based substrate for growth of RPE cells with excellent cytocompatibility in vitro and biocompatibility in vivo for potential use as a prosthetic Bruch's membrane for RPE transplantation.
A novel Bruch's membrane-mimetic electrospun substrate scaffold for human retinal pigment epithelium cells Retinal pigment epithelium (RPE) is anatomically adjacent to the neurosensory retina, which is essential for vision creation and processing. The RPE is composed of a monolayer of polarized pigment cells, which lie on Bruch's membrane (BM). This epithelium plays a crucial role in a number of processes. These include: nourishment of the retinal visual cells; response to distinct extracellular signals; stray light absorption; retinal isomerization during the visual cycle; secretion of neurotrophic factors; phagocytosis of photoreceptor outer segments (POS); and preservation of the blood-retina barrier through tight junctions [1e5] . BM is a unique tissue with a thickness of 2e4 mm that serves as a molecular sieve to partially regulate the reciprocal exchange of nutrients, fluids, oxygen, and metabolic waste between the outer retina and the choroidal blood supply. It also acts as support for intact and functional cell sheet formation [6] . RPE dysfunction or cell loss is one of the major pathological changes leading to a wide range of retinal degenerative diseases, such as age-related macular degeneration (AMD) and some forms of retinitis pigmentosa (RP), which are the leading cause of blindness worldwide. Unfortunately, there is still no radical treatment to alleviate the progression of, or to recover the lost vision associated with, these diseases.
RPE cell replacement therapy is one of the most promising strategies to replenish or to replace RPE that has been damaged or lost [7e12] . Several studies have shown encouraging results with the injection of RPE cell suspensions in rodent models of retinal degeneration [13, 14] . Subretinal transplantation of suspended RPE cells in patients with AMD have been performed by many groups; however, the outcome has not been consistent [15e17] . Although subretinal transplantation shows promise, the subretinal injection of suspended RPE cells can potentially result in disorganized or misplaced grafts, as well as a reflux of cells from the injection site, which might lead to serious complications including RPE cell stacking, cell death, and retinal fibrosis.
Given that BM plays an essential role to maintain and support the physiological function of the RPE, it has been proposed that RPE cells can be seeded on a biodegradable and biocompatible prosthetic BM for use in cell transplants. A variety of thin and biodegradable polymer films including collagen [18e20], bombyx mori silk fibroin [21] , polyimide [22] , poly(hydroxybutyrate-cohydroxyvalerate) [23] , poly(d,l-lactic-glycolic acid) [24] and polyurethanes (PU) [25] have been employed for this purpose. However, it is currently unknown whether these prosthetic BMs can support the normal function of RPE cells and, most importantly, whether they elicit an inflammatory reaction after long-term co-culture.
Among the numerous fabrication techniques, electrospinning has become an exciting tool to generate nanofibrous network topographies that facilitate cell adhesion, proliferation and differentiation, as they allow for an efficient exchange of nutrients and metabolites across the nanofibers [26, 27] , and can also serve to deliver biochemical signals to the seeded cells [28, 29] . Recently, electrospun nanofibers designed to bio-mimic the natural basement membranes used for retinal tissue engineering have received considerable attention [30] . PCL, a biodegradable aliphatic polyester with high tensile and elongation properties, has been widely used for tissue engineering applications [31e33] because it was approved by the U.S. Food and Drug Administration (FDA) for specific applications used in the human body [34] . Electrospun PCL nanofibers were demonstrated not only to support the growth and proliferation of retinal cells, but also showed biocompatibility after subretinal transplantation in an animal model [35, 36] . However, inadequate cell affinity due to lack of recognition sites for cell adhesion and its inherent hydrophobicity make it less ideal for use as prosthetic Bruch's membrane material.
In our previous studies, recombinant spider silk protein (pNSR16, pNSR32) containing the Arg-Gly-Asp (RGD) cellular recognition sequences significantly enhanced cell adhesion and proliferation when blended with PCL [35] and other synthetic polymers [37] . Additionally, the addition of gelatin (10%, wt), which increased the hydrophilicity of scaffolds (PCL/pNSR32/Gelatin, 85:5:10, wt%), resulted in improved cell proliferation and cytocompatibility [12] . Wild Antheraea pernyi silk fibroin (RWSF) is a novel silk fibroin that has been studied extensively due to its extraordinary biocompatibility properties and reduced production costs. Our group and others have demonstrated RWSF could remarkably promote mammalian cell adhesion and proliferation when it was blended with synthetic materials due to its abundant RGD tripeptide motifs [38e40] .
In this study, we fabricated by electrospinning an ultrathin and porous nanofibrous membrane composed of regenerated wild Antheraea pernyi silk fibroin (RWSF), PCL, and gelatin, to replicate the BM, and we investigated the biomaterial properties. Human RPE cells seeded on the electrospun membranes were evaluated following long-term (up to 12 weeks) co-culture and implanted into the eye of chinchilla rabbits. These novel RWSF-based substrates demonstrated cytocompatibility with human RPE cells, suggesting that these electrospun membranes could act as a potential prosthetic BM for RPE transplantation.
Materials and methods

Materials
Polycaprolactone (PCL) was purchased from Daicel Chemical Industries, Ltd, Japan. Gelatin (Gt) and 98wt% formic acid were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China 
Primary human RPE cells
Human adult posterior eye cups were obtained from Wenzhou Eye Bank with ethics committee approval and donor informed consent. RPE cells were isolated following a modified procedure, which was previously reported by Sonoda et al. [41] . Briefly, the eye tissue was placed in HBSS (Life Technology, USA) supplemented with 5% (vol/vol) penicillin-streptomycin for 20 min. Subsequently, the eye cup was dissected into four quadrants in order to lay flat followed by removal of the neural retina. The RPE-choroid sheets were carefully removed and digested in 2 mg/mL dispase (Roche, USA) dissolved in HBSS for 30 min in a CO 2 incubator. After digestion, the RPE layers were gently peeled off from the choroid, and then moved to a sterile culture dish, cut into small pieces in 0.05% trypsin-EDTA and digested for 20 min. The post-digestion solution containing RPE pieces was filtered using a 70 mm cell strainer (BD Biosciences, USA). The small RPE tissue clumps remaining on the apical side of the cell strainer were collected and placed into a T75 flask coated with 10 mg/mL Natural Mouse Laminin (Life Technologies Corporation, USA). RPE cells were fed with the addition of 2 mL hRPE media (High glucose DMEM with 15% FBS, 1% MEM Non-Essential Amino Acids Solution, 1 mg/mL GlutaMAX™ and 1% Antibiotic-Antimycotic Solution). After dissociation, RPE clumps adhered to the flask and migrated on the flask surface.
Electrospinning of ultrathin porous membranes
Regenerated wild Antheraea pernyi silk fibroin (RWSF) was prepared as described previously [40] . The polymer solutions with a concentration of 25% (wt/v) were prepared by dissolving RWSF, PCL and Gt with a weight ratio of 0:100:0 (PCL), 5:95:0 (RWSF/PCL), or 5:85:10 (RWSF/PCL/Gt) respectively in 98% formic acid. The electrospinning apparatus employed in this study contains a syringe pump (Baoding Longer Precision Pump Co., Ltd. Baoding, China), a high voltage supply (Tianjin Dongwen High Voltage Power Supply Co., Ltd., China), and a collector covered with aluminum foil. A voltage of 18 kV was applied to a syringe tip, while the collector was grounded. The polymer solution was loaded into a 5 mL disposable syringe with a blunt-end needle (0.6 mm internal diameter), which was controlled by a syringe pump at a feeding rate of 1.5 mL/h. The distance between needle tip and collector was adjusted to 15 cm. A charged jet of the solution was formed and ejected towards the collector, during which time the solvent evaporated and the fibers were deposited on the surface of the collector to form a flat nanofibrous membrane. The thickness of the electrospun membrane (EM) was controlled through the length of the processing time. All electrospinning experiments were performed at a constant temperature (40 ± 1 C) and a relative humidity of 20 ± 5%. The as-spun nanofibers were dried in a fume cupboard at room temperature.
Characterization of electrospun Bruch's-mimetic membrane
Established membranes were subjected to an examination of their physicochemical properties including physical morphology, porosity, and wettability. To investigate the morphology, an electrospun ultrathin nanofibrous membrane was sputter coated with gold and observed using scanning electron microscopy (SEM; Model S-3000N, Hitachi, Japan). Images were captured using a SEM operating at an accelerating voltage of 15 kV with a 22 mm working distance. Image J software (NIH, USA) was used to calculate the mean and standard deviation (SD) of the fibers' diameters and by measuring thirty random fibers per image. Mean and SD of pore size were also obtained by approximation of surface pores from 30 measurements per image. In order to measure the porosity, membranes were dried in an electric blast drying oven for 2 h at 25 C. Subsequently, they were put into a pycnometer full of degassed alcohol. The membranes were taken out, and the pycnometer and the remaining alcohol were weighed. The porosity of the membranes was calculated using the equations described below: The porosity
Where W 1 is the weight of pycnometer that is filled with alcohol, W 2 refers to the weight of pycnometer with alcohol and scaffolds, W 3 to the weight of pycnometer and alcohol after removal of the scaffolds, and W S is the initial weight of the membranes in a dry state. The wettability of electrospun membrane was evaluated in the light of water surface contact angle by a sessile drop method using 1 mL deionized water that was dropped onto the surfaces of nanofibrous membranes. After 10 s, the shapes of the water droplets were recorded by an optical contact angle meter system (OCA20, Dataphysics Instruments GmbH, Germany). Each determination was duplicated in five times in different positions. The values of contact angle were expressed as the mean ± SD.
Generation of human RPE cells and electrospun membrane (hRPE-EM) complex
ARPE-19, a human retinal pigment epithelium cell line, was routinely cultured in RPE medium (DMEM/F12 with 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin). The EM were soaked in 75% ethanol for 24 h followed by washing three times with sterilized hanks balanced salt solution (HBSS). 1 mL DMEM/F12 (without FBS) was added into each well of a 24-well or 96-well plate and incubated in 5% CO 2 at 37 C for 24 h. ARPE-19 cells were seeded at a density of 4 Â 10 5 cells/mL.
RPE medium were carefully added onto the surface of membranes. For cell adhesion evaluation, the medium was aspirated and the material washed twice with HBSS to dislodge unbound or loosely adherent cells after 4 h incubation. Cell adhesion was observed by EVOS ® xl core cell culture microscope (Advanced Microscopy Group, USA). For long-term studies, cells were grown for two weeks in RPE medium. After reaching confluence, the medium was replaced by DLP medium (DMEM with 1 g/L glucose, 1% FBS and 1 mM pyruvate) [42] , then maintained for more than 12 weeks. DLP medium was changed twice a week.
Characterization of hRPE cell response to EMs
To investigate cell proliferation, hRPE-EM complexes were incubated for 1, 3, 5 and 7 days respectively. Tissue culture polystyrene (TCP) served as control. Cell proliferation was assessed using cellular metabolic activity and quantified using the Cell Proliferation Reagent WST-1 (Roche, Germany) according to the manufacturer's instructions. Briefly, 10 mL WST-1 reagent were added to each well, and then incubated for 4 h at 37 C and 5% CO 2 to form formazan. The formazan concentration was measured by absorbance at 440 nm using a Multi-Detection Microplate Reader (Spectra Max M5/M5e, Molecular Devices, USA).
To test whether the EMs altered the cell cycle, we performed cell cycle analysis. Cells were harvested by 0.05% Trypsin-EDTA digestion from the hRPE-EM complexes and were fixed in pre-cooling 70% ethanol overnight. Fixed cells were treated using Cell Cycle and Apoptosis Analysis Kit (Beyotime Institute of Biotechnology, China) according to the manufacturer's manual. The total number of cells in different phases of the cell cycle was detected using flow cytometry (Cytomics™ FC500 Flow Cytometry, Beckman Coulter Ltd., USA).
Gene expression profiling of hRPE-EM complexes
Total RNA was extracted using Trizol reagent (Life Technologies, USA), according to the manufacturer's instructions and RNase-Free DNase I (Beyotime Institute of Biotechnology, China) was used to remove contaminating DNA. The quality of RNA was measured using a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific Inc., USA). cDNA synthesis was conducted using AMV Reverse Transcriptase (Promega Corporation, USA). Reverse transcription polymerase chain reactions (RT-PCRs) were performed using specific primers (Table 1) to analyze the expression levels of RPE-marker genes and pro-inflammatory genes. PCR products were analyzed on 2% agarose gels and visualized using the Gel Imaging System (BIO-RAD ChemiDocXRS, USA).
Measurement of physiological functions of RPE-EM complex
Because RPE cells have essential functions in vivo including polarized neurotrophin secretion and phagocytosis, we examined the functionality of the RPE cells in the RPE-EM complex. RPE-EM complexes were placed on the bottom of apical chambers of 6.5-mm uncoated Transwell polyester filters (Corning Inc., USA) after 4 weeks of culture. Media from the apical and basal chambers were collected respectively for 24 h after the last change of media. Secretion of pigment epithelium derived factor (PEDF) was measured using the human PEDF enzyme-linked immunosorbent assay (ELISA) kit (Cusabio, China) according to the manufacturer's instructions.
To test the ability of the EM-combined RPE cell of phagocytosis, fresh porcine eyes were collected and photoreceptor outer segments (POS) were isolated and conjugated with FITC (Life Technologies, USA), as previously described [43] . ARPE-19 cells were seeded on RWSF/PCL/Gt membranes, maintained in DLP medium for 4 weeks, and then incubated with FITC-covalent POS for 4 h in the CO 2 incubator. To exclude false positive staining caused by external binding of FITC-POS, cultures were washed 4 times with PBS, followed treatment with 0.2% trypan blue for 10 min. Cells were then fixed with 4% paraformaldehyde and counterstained with DAPI to label nuclei. The stained cells were imaged with a fluorescence microscope (Carl Zeiss Meditec, Inc., Germany) in 5 random areas. Phagocytic activities were calculated using the following equation: Phagocytic activity ¼ Number of FITC (green) labeled particles/Number of nuclei.
The micro-morphology of the cells seeded on RWSF/PCL/Gt membranes was evaluated using scanning electron microscopy (SEM). In brief, RPE-EM complexes were collected after 4 weeks cultivation, washed with HBSS twice and then fixed with 2.5% glutaraldehyde for 2 h. Cell-membrane complexes were dehydrated through a series of graded ethanol solutions, followed by CO 2 critical point drying before sputter coating with gold and then subjected to SEM.
Immunohistochemistry
RPE cells cultured on RWSF/PCL/Gt membranes were washed three times with PBS, fixed in freshly prepared 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 in PBS for 30 min. After blocking for 1 h with 5% normal goat serum in PBS with 0.1% Tween-20 (PBST), cells were stained with the following primary antibodies: ZO-1 (1:200; Invitrogen), MITF (1:500; Millipore), PEDF (1:250; Millipore) and RPE65 (1:250; Millipore) overnight at 4 C. Cells were washed and incubated with the following secondary antibodies: TRITC/FITCconjugated goat anti-mouse IgG (1:200; Jackson ImmunoResearch Laboratories, Inc.) and TRITC/FITC-conjugated goat anti-rabit IgG (1:200; Jackson ImmunoResearch Laboratories, Inc.) for 1 h at 37 C. Cell nuclei were counterstained using DAPI. Cells were visualized using a fluorescence microscope (Carl Zeiss Meditec, Inc., Germany).
RNA sequencing of human primary RPE cells on the RWSF/PCL/Gt
Total RNA was extracted from cultured primary RPE cells and the same cells grown on EM as described above. RNA quality was assessed using capillary gel electrophoresis with a Bioanalyser 2100 (RNA nano kits, Agilent). mRNA-Seq libraries were generated from total RNA with polyAþ selection of mRNA using the TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA), and then subjected to transcriptome sequencing on the Illumina Hiseq 2000. Short sequence reads were generated, and after filtering reads containing sequencing adapters and reads of low quality, the remaining reads were aligned to the human reference genome (hg19; UCSC, http://genome.ucsc.edu) using Bowtie, allowing up to 2 base mismatches. We then applied cufflinks to measure transcript abundances in Fragments Per Kilobase of exon per Million fragments mapped (FPKM) and identified the differentially expressed genes (DEG). Furthermore, the gene ontology (GO) and KEGG pathway enrichment analyses on the DEGs were performed on DAVID (http://david.abcc. ncifcrf.gov/).
Biocompatibility testing of RWSF/PCL/Gt by intraocular transplantation
Based on above results, RWSF/PCL/Gt substrate was chosen for the following short-term subretinal biocompatibility studies. All treatments were carried out in accordance with the ARVO Statment for the Use of Animals in Ophthalmic and Vision Research.
Briefly, 5 chinchilla rabbits at 2e2.5 kg were supplied by the animal center of Wenzhou Medical University. The EMs were cut into rectangles (3 mm Â 2 mm) then soaked in 75% ethanol for 24 h followed by 3 washes in 0.1 M sterilized phosphate buffered saline (pH 7.2, PBS) for intraocular transplantation. Only the right eye was used for experimentation. One month after transplantation, rabbits were euthanized under deep anesthesia with an intramuscular injection of pentobarbital sodium. The rabbits' eyes were collected and fixed in 4% paraformaldehyde for 48 h. The anterior segments of the eye were removed and full thickness samples (retina/sclera) of the implantation site were excised and paraffin-embedded. The samples were then sectioned and stained with hematoxylin and eosin (HE) as described previously [44] . 
Statistical analysis
Results are presented as mean ± SD. Statistical analyses were performed using ANOVA by PASW Statistics Version 18 (SPSS Inc., USA) and Graphpad Prism Version 5 (Graphpad Software, USA). Differences were considered statistically significant if the p value was less than 0.05.
Results
Physicochemical property of the nanofibrous membranes
In this study, ultrathin membranes (thicknesses were approximately 3e5 mm) composed of PCL, RWSF and Gt were successfully produced by electrospinning (Fig. 1) . Intriguingly, the resultant membranes demonstrated transparency following immersion in ethanol or cell culture media (Fig. 1B) , thus cell growth on the electrospun membranes could be observed directly. SEM images depicting the micromorphology of the electrospun nanofibrous membranes are shown in Fig. 1DeF , including images of electrospun RWSF/PCL/Gt membranes (Fig. 1F ) and PCL and RWSF/PCL control membranes (Fig. 1 D, E) . All three types of membranes were constructed of randomly oriented fibers and thoroughly interconnected pore structures. However, membranes containing gelatin displayed significantly increased fiber diameter, pore diameter and porosity relative to PCL and RWSF/PCL ( Table 2 ). The average fiber diameter of electrospun PCL (157 ± 56 nm) was similar to the electrospun RWSF/PCL (154 ± 61 nm), but both were much smaller in diameter than RWSF/PCL/Gt (253 ± 93 nm; p < 0.05). Additionally, electrospun RWSF/PCL/Gt demonstrated significantly larger pore diameter (2078 ± 1104 nm) than either PCL (681 ± 313 nm) or RWSF/PCL (1129 ± 457 nm; p < 0.05). The wettability of the membranes was determined by contact angle analysis (Table 3 and Fig. S1 ). This analysis indicated that the hydrophilicity of RWSF/PCL/Gt was much higher than either that of PCL or RWSF/PCL, suggesting that the addition of Gt strikingly improved the hydrophilicity.
Cell adhesion to the EMs
To assess cell adhesion, ARPE-19 cells growing on the nanofibrous membranes were analyzed using an inverted microscope. As shown in Fig. 2 , cells were able to attach and spread on all materials. However, the shape of ARPE-19 on PCL (Fig. 2B) was rounded, indicating feeble cell adhesion. Importantly, the cell shapes have improved after seeding on RWSF/PCL and RWSF/PCL/ Gt membranes because they are no longer round. Furthermore, the density of cells growing on the RWSF/PCL/Gt membranes (Fig. 2D ) was similar to TCP ( Fig. 2A) , and much greater than that on either RWSF/PCL (Fig. 2C) or PCL (Fig. 2B) membranes. Therefore, the addition of RWSF and gelatin into the membrane composite significantly enhanced cell adhesion.
EMs-combined RPE cells showed high cell viability
WST-1 analysis was performed to observe cell viability and proliferation on the different electrospun membranes and TCP. As shown in Fig. 2E , the ARPE-19 cells were proliferative, and the density of cells increased with culture time on all of the various membranes as well as on TCP, indicating that the artificial membranes were supportive for human RPE cells proliferation. However, the proliferation rate of ARPE-19 cells on RWSF/PCL/Gt and RWSF/PCL was higher than on PCL (p < 0.01), and similar to the level of proliferation on TCP on the third day. ARPE-19 cells showed the quickest rate of growth on RWSF/PCL/Gt amongst all of the nanofibrous membranes. The RWSF/PCL membrane promoted cell growth and spreading compared with PCL (p < 0.01) 5 days after seeding. Likewise, on the 7th day, the maximum amount of ARPE-19 cells was still observed on the RWSF/PCL/Gt. This result suggested that, in comparison to other electrospun membranes and TCP, the membrane blending of PCL with RWSF and Gt might accelerate cell growth and proliferation.
EMs do not alter cell cycle of the RPE cells
To compare cell growth on different substrates, we employed cell cycle analysis using proliferation indexes (PI) [(G2/M þ S)/(G0/ G1þG2/M þ S), 100%] (Table 4 and Fig. 3) . Interestingly, there were 
. ARPE-19 cultured on (A) TCP, (B) PCL, (C) PCL/RWSF, (D) PCL/RWSF/Gt membranes for 24 h and measurements of proliferation on various electrospun membranes for up to 7 days (E). Micrographs indicated that PCL/RWSF/Gt membranes induced greater cell densities than that on PCL and PCL/RWSF after 24 h of culture. ARPE-19 attached on all
electrospun membranes at comparable densities on first day. Proliferation of ARPE-19 cells on PCL/RWSF/Gt and PCL/RWSF was higher than PCL, but similar to that on TCP on the third day. ARPE-19 cells on PCL/RWSF/Gt showed the fastest growth rate among all groups even compared with TCP on day 5 and day 7. Results were expressed as mean ± s.d.
(n ¼ 5), * means P < 0.05, ** means P < 0.01, *** means P < 0.001 (from WST-1 test). 
RPE cells grown on RWSF/PCL/Gt express marker genes
The transcriptional levels of RPE marker genes including Naþ/ Kþ ATPase, TYR, CRALBP, PEDF, CNTF, VEGF, KRT8, MITF and PMEL 17 were examined by RT-PCR and RNA sequencing after seeding on various electrospun membranes for 2 weeks. ARPE-19 on different electrospun membranes as well as on TCP exhibited similar transcriptional level of the marker genes (Fig. 4A ).
RPE cells combined with RWSF/PCL/Gt elicited lower expression levels of inflammatory genes
It has been known that many biomaterials can elicit elevated expression of inflammatory genes. Using RT-PCR and transcriptome analysis, we demonstrated that RPE cells grown on RWSF/PCL/Gt exhibited the lowest levels of expression of inflammatory genes (Fig. 4B) , suggesting that RWSF/PCL/Gt might not elicit obvious inflammatory responses.
Gene-expression signatures of RPE-EMs
To investigate the gene expression profiling, we performed RNAsequencing. Both the primary RPE cells and the RPE-EMs showed significant expression of signature genes (Fig. 4C) as previously reported [45] . This result clearly demonstrated that RPE cells on the RWSF/PCL/Gt complex maintained the gene-expression signatures of primary RPE.
3.8. RPE complex displayed morphological and physiological features: pigmentation, microvilli, tight junction, phagocytic ability, and neurotrophin secretion After long term co-culture with RWSF/PCL/Gt membrane, ARPE-19 developed into a confluent monolayer of cells demonstrating typical, tightly cobble-stone like or polygonal shape, and pigmentation (Fig. 5) . Furthermore, the more polygonal areas exhibited apical distribution of projections with analogical features to microvilli (Fig. 6AeB) which is an indispensable structure of RPE cells in vivo.
The capacity for phagocytosis of photoreceptor outer segments (POS) is a pivotally physiological function of RPE cells, as dysfunction leads to retinal degenerative diseases [46] . ARPE-19 cells were cultured both on TCP and RWSF/PCL/Gt for 4 weeks followed by incubation with FITC-conjugated porcine POS, as reported previously [47] . The phagocytic activity for ARPE-19 cells grown on RWSF/PCL/Gt membranes was 1.89 ± 0.33 and on TCP was 1.11 ± 0.19 (Fig. 6C, D) . Thus, the phagocytic activity of ARPE-19 cells grown on RWSF/PCL/Gt membranes was approximately 1.7-fold higher than that on TCP. To test if growth on the membranes alters the polarized secretion of neurotrophins, ARPE-19 cells were grown in Transwells with or without electrospun membranes coated with cells for 4 weeks. PEDF was detected by ELISA in the culture medium harvested from both the upper and lower reservoirs. However, ARPE-19 cells cultured on RWSF/PCL/Gt and RWSF/PCL membranes demonstrated typically polarized secretion of PEDF (Fig. 7A) ; the apical side had a higher concentration of PEDF than the basolateral side. In contrast, polarized secretion of PEDF was not observed in ARPE-19 cells seeded on PCL membranes, suggesting the addition of RWSF/Gt promoted the polarized secretion of RPE cells in vitro. Together, these findings clearly suggest that RWSF/PCL/Gt membranes not only supported cells growth for a long period of time, but also promoted cell polarization and functionalization.
RPE-EMs expressed a group of markers
After long-term culture on electrospun membranes, ARPE-19 spread to a confluent monolayer and developed various differentiated features of RPE cells in vivo as confirmed by the bona fide expression pattern of several markers. ARPE-19 cells stained positively for ZO-1, MITF and DAPI after 8 weeks culture on electrospun RWSF/PCL/Gt membranes (Fig. 7B) . DAPI staining showed a uniform distribution of nuclei, indicating monolayer construction without overlap. Positive expression of ZO-1 suggested that the ARPE-19 cells formed tight junctions (Fig. 7B) . Moreover, MITF, a key regulator for RPE cell differentiation and proliferation, was observed (Fig. 7B) . Encouragingly, after 12 weeks cultivation, both RPE65, a specific retinal pigmented epithelial cell enzyme essential for the visual cycle, and PEDF (Fig. 7B) were positively expressed in the RPE cells grown on the RWSF/PCL/Gt membrane. Collectively, these data demonstrated that complex RPE on RWSF/PCL/Gt membrane maintained its cell characteristics as in vivo.
EMs demonstrate biocompatibility in vivo
RWSF/PCL/Gt membranes were successfully implanted into the intraocular space (sub-sclera) in 5 eyes of 5 rabbits. Histological staining showed RWSF/PCL/Gt membranes to be well-tolerated in the intraocular space without inflammation in sclera or retina (Fig. 8) , indicating that the membranes would be useful as a cell scaffold for transplantation.
Discussion
Accumulating evidence suggests that transplantation of a polarized and intact RPE cell monolayer, instead of injections of cell suspensions, might be more feasible for functional RPE reconstruction [48] . Many artificial carrier substrates, both natural and synthetic, have served as BM prosthesis to support the attachment and growth of RPE cells [49] . However, these artificial substrates still have disadvantages due to their incomparable ultrastructure, limited biodegradability and reduced ability to support RPE cells after long-term co-culture, as well as the possibility of eliciting adverse tissue response.
An ideal BM-mimetic would exhibit the following properties: a thickness of less than 5 mm; a porous ultrastructure to allow the transport of nutrients and metabolic waste; biocompatibility for cell adhesion and growth; maintenance of signature genes of RPE cell expression. Importantly, the BM-mimetic should also preserve the physiological RPE features in vivo, such as, polygonal shape and formation of tight junctions, phagocytosis of ROS, formation of apical microvilli, the polarized secretion of neurotrophic factors, and without inflammation after implantation. In this study, PCL, RWSF, and gelatin were chosen to prepare the Bruch's membrane-mimetic substrate through electrospinning. Prior to the start of these studies, a series of RWSF concentrations (1, 3, 5, 7, wt%) were utilized to determine the optimal concentration for cell adhesion, and 5% RWSF showed a significant improvement of cell attachment compared to the other concentrations (data not shown). The incorporation of gelatin resulted in an increase in fiber diameter and pore size that was consistent with our previous reports [12] . The decreased contact angle of RWSF/PCL/Gt (64.5 ± 4.9 ) compared with RWSF/PCL (119.0 ± 6.5 ) indicated increased hydrophilicity of the nanofibrous membranes, possibly due to the hydrophilic groups introduced with gelatin. Adequate pores in a prosthetic substrate are required to allow permeability of oxygen and the movement of nutrients and metabolic waste [50] . In our studies, all of the nanofibrous membranes showed proper porosity (>85%) and appropriate pore size (>680 nm) compared to previously published data [51, 52] . Additionally, the thickness of Bruch's membrane changes with aging, which correlates with RPE function in vivo [53, 54] ; importantly our electrospun membranes can be consistently reproduced in a range of desired thicknesses, comparable to the native Bruch's membrane at different ages, simply by regulating the electrospun parameters (e.g. processing time).
Generally, RPE cell survival post-transplantation is limited because of poor attachment of the transplanted cells to the pathological Bruch's membrane, leading to failure of RPE transplantation [55] . Proteins containing RGD tripeptides, together with integrins that mediate cell attachment are widely used to promote cell adhesion [56] . Similarly, incorporation of gelatin into hydrophobic polymers can have an additional effect [57] . Consequently, in our studies, ARPE-19 cell attachment was significantly enhanced by addition of the RGD-rich RWSF and gelatin.
Following the same period of incubation, RPE cell viability on the various nanofibrous membranes was compared using the WST-1 assay. This is a test based on the intact activity of cellular mitochondrial dehydrogenases, and it is widely used for nonradioactive quantification of cell proliferation and viability. Our results confirmed that ARPE-19 cells grow on PCL, RWSF/PCL and RWSF/PCL/Gt membranes, albeit initially there was no statistical differences among these artificial Bruch's membranes (p > 0.05). However, with prolonged incubation, ARPE-19 cells showed the highest viability on RWSF/PCL/Gt membranes, followed by RWSF/ PCL membranes, and then by PCL membranes, possibly due to the incorporation of RGD peptides and to the consequent improvement of hydrophilicity, as suggested by others' reports [23, 58] .
We conducted flow cytometric analysis to examine the cell cycle in order to compare the proliferation indices of ARPE-19 cells cultured on the different artificial Bruch's membranes. Our results confirmed that RWSF can significantly drive more cells into active cycling (G2/M þ S) than pure PCL. Moreover, the highest proliferation index was observed when ARPE-19 cells were seeded on RWSF/PCL/Gt membranes, which suggests that cytocompatibility can be further improved by gelatin.
It has been reported that RPE cells frequently change their epithelial phenotype to mesenchymal-like cells under some conditions, which is defined as epithelial mesenchymal transition (EMT). After EMT, RPE cells lose many of the RPE-specific characteristics, including expression of key genes. Additionally, according to Theisen's results, gene expression in human cells can also be altered by nanofibers [59] . We tested for the expression of 9 marker genes, and ARPE-19 cells cultured on the different membranes showed equivalent levels of expression to those cultured on TCP, suggesting that our electrospun membranes did not disturb normal RPE-cell gene expression. More importantly, RNA-sequencing result clearly demonstrated that primary RPE-EMs complex expresses similar signature genes compared with the primary RPE cells from an identical source. These data strongly suggested that our unique membranes did not alter the molecular signatures of RPE cells.
Few previous publications examined whether their artificial Bruch's membranes altered the secretion of pro-inflammatory factors by RPE cells. IL-6 is a pro-inflammatory cytokine that is associated with the occurrence of intraocular inflammatory diseases [60] . MCP-1 and IL-1b are considered to be the key genes to mediate monocyte infiltration and immunocompetent cell migration during inflammatory retinal diseases [61, 62] . Fortunately, we observed that long-term culture of ARPE-19 cells on all types of electrospun membranes did not increase the expression of MCP-1, IL-1b and IL-6 compared to TCP culture conditions. PEDF, a secreted factor characteristic of RPE cells, has the key neurotrophic function and, importantly, it also inhibits retinal and choroidal neovascularization [63] . Additionally, PEDF expression is also used as an important criterion to evaluate the functionality of polarized RPE cells [42] . Based on our studies, ARPE-19 cells only exhibited polar secretion of PEDF when seeded on RWSF/PCL/Gt and RWSF/PCL membranes after 4 weeks of culture. Furthermore, ARPE-19 seeded on RWSF/PCL/Gt membranes expressed notably higher PEDF levels than cells growing on RWSF/PCL membranes, and this result may be due to the formation of more polarized RPE cells. Overall, these results suggest that both RWSF/PCL/Gt and RWSF/PCL membranes could accelerate the functionalization of RPE cells, with an enhanced effect of the former.
Pigmentation is a native RPE phenotype in vivo, and it is usually utilized as an important differentiation marker of RPE cells [42] . However, pigmentation has never occurred in ARPE-19 cells cultured on artificial substrates in other studies. The ARPE-19 cell line is used widely as a substitute for primary RPE cells, and the standard culture media for these cells is DMEM/F12, although cumulative evidence demonstrated that many of the RPE differentiation markers are usually lost under these conditions. As reported by Shadforth's studies, ARPE-19 cells can restore some of their phenotypes such as the formation of tight junctions and microvillilike structures, as well as positive expression of some RPE-specific proteins when cultured in medium containing 1% FBS for more than 7 weeks on Bombyx mori silk fibroin prosthetic Bruch's membranes [21] . Nevertheless, pigmentation was not observed in this study. Unprecedentedly, ARPE-19 cells cultured on our RWSF/PCL/Gt membranes for 90 days showed perceptible pigmented areas indicating that our culture systems are feasible for differentiation of RPE cells.
ARPE-19 cells cultured on RWSF/PCL/Gt membranes for 30 days were viewed using SEM. Encouragingly, ARPE-19 seeded on RWSF/ PCL/Gt membranes grew well and formed a confluent monolayer of cells consisting of a polygonal morphology with tight junctions. Furthermore, microvilli-like structures were also observed on the apical surfaces of ARPE-19 cells. According to previous reports, ARPE-19 cells rarely exhibit this morphologic characteristic under routine culture conditions [42] . Our results suggest that long-term co-cultures established on RWSF/PCL/Gt membranes maintained this development potential and also induced RPE-like cellular extensions.
Immunohistochemical staining has shown that ARPE-19 cells cultured on RWSF/PCL/Gt membranes strongly expressed MITF, a regulator for RPE cell differentiation and proliferation, and formed mature cellecell junctions and hexagonal shapes confirmed by positive expression of ZO-1. Further, these cells also expressed RPE65, an RPE-specific enzyme essential for retinoid recycling, and PEDF, a neurotrophic factor that acts to stabilize the neuronal retina, suggesting that RWSF/PCL/Gt membranes not only promote the long-term viability of ARPE-19 cells, but also enhance various differentiated features of functional RPE cells during long-term coculture [42] . One of these features is the ability for phagocytosis, which is used to clear POS from the apical side in vivo. ARPE-19 cells cultured on RWSF/PCL/Gt membranes exhibited phagocytic capabilities for porcine POS, which is in agreement with the presence of microvilli as showed in Fig. 6 .
According to previous studies, some researchers transplanted their artificial RPE substrates into different site of animal eyes, such as subconjunctival and subretina [19] .In our investigations, the RWSF/PCL/Gt membrane was implanted into sclera for primary evaluation of biocompability in vivo due to its easy-operation. Additionally, we used RWSF/PCL/Gt membrane without human RPE cells for animal tests in order to prevent any inflammatory response, comparable to the results confirmed by Rezai and his colleagues after transplantation of human fetal RPE cells seeded to a PLG polymer film into the rabbit eye [64] .
Conclusion
Novel Bruch's membrane-mimetic substrates with high porosity and similar thickness to native Bruch's membranes were prepared from RWSF, PCL, Gt with weight ratio of 5:85:10 via electrospinning. We confirmed the feasibility of using these electrospun membranes as alternatives to Bruch's membrane for long-term sustainable culture and growth of functional RPE cells. We found that RWSF/PCL/Gt membranes not only accelerated RPE cell growth and proliferation without any inflammatory reaction, but also promoted the functionalization of RPE cells. Electrospun RWSF/ PCL/Gt membranes are therefore appropriate candidates for exploration as a carrier for RPE transplantation.
